Abstract-This paper deals with a control concept for enhancing the stable operation of microgrid plan during the grid connected and islanding modes. The Lyapunov control theory is considered in this paper to analyze the dynamic behavior of distributed generation (DG) units during the power sharing with utility grid and loads. The compensation of instantaneous variations in the reference current components of DG units in ac-side and dc-voltage variations in dcside of the interfaced converters are considered properly in this control scheme, which is the main contribution of this work in comparison with the other potential control strategies. By utilization of the proposed control scheme, DG units can provide the continuous injection of active power from the dispersed energy sources to the local loads and/or main grid during the islanding and grid-connected modes. Furthermore, reactive power and harmonic current components of loads can be provided with a fast dynamic response in a stable operational region. Simulation results confirm the effectiveness of the proposed control strategy in the proposed microgrid plan during the dynamic and steady-state operating conditions. Index Terms-Lyapunov control theory, microgrid, islanding and grid-connected modes, voltage source converter (VSC).
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Active power of DG The concept of Distributed Generation (DG) technology based on the renewable energy, yield many benefits for the power grid regarding the environmental regulation and cost of power generation [1] . Connection of multiple DG units into the utility grid can highly mitigate the peak of demand, increase the reliability of main grid against the faults in electrical networks, and improve the power quality of utility grid through an efficient control technique.
A systematic configuration of DG units forms a microgrid plan in the power system [2] . The concept of microgrid has been proposed in order to solve the common integration problems of single DG units in different power networks. The microgrid plan has more abilities and efficiencies in comparison with single DG units concerns on main grid reliability and power quality demands [3] .
Moreover, microgrid gives many options for optimizing the power of DG units via the combined heat and power, which is one of the most useful strategies for improving the efficiency of energy in whole the system.
Microgrid is considered as an autonomous low or medium voltage power grid, including several DG units, power storage, and controllable loads that can operate in gridconnected and autonomous islanded modes.
Connection of DG units into the microgrid during the gridconnected and islanded operating modes, along with developing at the design of control methods for different power converters, have been used to perform active and reactive power sharing as well as frequency and voltage regulating of DG units [4] , [5] .
Several control strategies have been proposed in context of microgrid, which in most cases include and discuss methods for solving a serious problem in power systems [6] - [8] . Among the different control methods, Lyapunov control theory can guarantee an asymptotic stability region for the interfacing system which leads the variables move to their reference values with a fast dynamic response.
In this paper, the authors are introducing a control algorithm based on the Direct Lyapunov Control Method (DLCM) for defining a stable operating region of DG units in microgrids [9] .
The impacts of instantaneous variations of reference current components in ac-side, and dc-voltage variations in dc-side of interfaced converters in proper operation of DG units are considered precisely, which is an important section regarding the new contribution of this control method in comparison with the other potential control strategies. Contribution of this strategy in microgrid plan can be introduced as a solution while compensation for the different issues is needed concurrently during the connection of DG units in different operating modes [10] .
The rest of paper is organized into four sections. Following the introduction, general schematic diagram of the proposed microgrid model will be introduced in Section III and the dynamic and state-space analysis of this scheme will be elaborated properly. Application of DLCM for the control and stable operation of DG interfacing systems in different operating conditions will be presented in Section IV. Moreover, simulation results are performed to demonstrate the efficiency and applicability of the developed control strategy in Section V. Finally, some conclusions are drawn in Section VI.
III.
PROPOSED MODEL DESCRIPTION Fig. 1 illustrates the configuration of a multiple DGs microgrid plan, which is proposed in this paper and operates in both the grid-connected and islanding modes. Each DG unit uses a voltage source converter (VSC) as the interfacing system between the dispersed energy sources (DES) and loads, and/or utility grid. DG1 is engaged to inject the active and reactive power to the local loads and support the utility grid through the injection of extra power from the DES to main grid. DG2 is installed to be directly connected to the grid via the point of common coupling (PCC) in order to support the grid and supply the grid-connected loads. DG units can be transferred into the grid-connected and/or islanding modes instantaneously by using the Static Transfer Switches (STS). In addition, the LC filter is used to design the active and reactive power control loops in each DG unit for a proper adjustment in magnitude and frequency of output voltage in DG units.
A. Dynamic model analysis of proposed microgrid model
A dynamic model of the proposed scheme should be developed in order to design proper control loops i.e., power sharing control between the DG, load and grid, current control of DG, and voltage control of utility grid. According to Fig.1 , dynamic model of the proposed microgrid plan can be expressed as,
By defining the equivalent switching state functions of interfaced converters as,
By substituting (2) in (1), and using the Park transformation matrix, dynamic model of the proposed microgrid plan can be expressed as,
B. Active and reactive power analysis of DG Units
By substituting the steady state values of current and voltage variables of the proposed model in (3), and considering the direction of reference voltage vector in direction of d-axis, the steady state equations of proposed scheme can be achieved as,
Equations (6) and (7) verifying that, the capacitor of filter generates the required reactive power to achieving the desired amplitude of voltages. Based on (4) and (5), set of switching state functions can be achieved as,
where
are the average values of instantaneous variations in the reference current components of control loops in DG units, which are generated through the harmonic parts of reference current components. By substituting (9) and (10) in (8), (11) can be obtained as,
Equation (11) clarifies the regions where the current components are injected or absorbed through the DG units. 
Equation (12) is the equation of a circle, which is drawn in Fig. 2 , and known as the Capacity Curve (CC) of DG in the steady state condition. CC clarifies the maximum capacity of DG for power injection from the DES to the local load or power grid.
C. Analyze of frequency and voltage variation
The regulation of frequency and voltage can be achieved through the active and reactive power sharing of DG units in both the dynamic and steady state operating conditions. This process is performed with respect to the active and reactive power absorption or injection of DG units during the voltage and frequency variations of DG units. Variations of DG current components and dc-link voltage oscillations can be defined as, (13) By calculating the switching state function of interfaced VSC from two first terms of (3) and substituting into the last term of (3), and multiplying to di v , (14) can be obtained as, where (14) is the equation of a circle with radius of and center of during the operating conditions.
According to (14), CC is depended on the parameters and variables of DG units, and instantaneous variations of reference current components and dc-side voltage. The CC, Pf, and Q-E droop control characteristics of DG are depicted in Fig. 3 . The initial condition of DG units with operating point 1 (op1) is depicted as CC1. By increasing the values of active and reactive power with the capacity curve of CC2 in each DG unit during the grid connected mode, the operating point will shifted into the op2. In addition, based on the characteristic of the droop control, DG tracks the reference frequency and voltage amplitude during the power increment. CC3 indicates the operation of DG during the islanding mode, which DG injects the active power to the load instead of utility grid and also consumes the reactive power ( 0 DGi Q < ) in order to fix a stable amplitude of voltage. In this mode, the capacity curve of DG (CC3) operates around the op3. As can be seen from the P-f curve, the active power increment of DG unit in islanding mode can decrease the frequency of DG. Furthermore, the Q-E confirms that increasing in value of negative reactive power generated via the DG unit can increase the magnitude of voltage. Fig. 3 . Capacity curve, P-f, and Q-E droop control of DG units.
The active and reactive power of DG units during the dynamic and steady state operating conditions can be expressed as,
On the other hand, the equations of the droop control characteristics can be expressed as,
With respect to (16), (15) can be rewritten as,
By substituting (17) in (12), (18) can be achieved as,
where (18) IV.
PROPOSED CONTROL METHOD
The Direct Lyapunov Control Method (DLCM) is considered in this paper to analyze the dynamic behavior of DG units during the power sharing part of the control loop in the proposed microgrid plan. This control method can ensure the global asymptotic stability for the DG units during the instantaneous variations of reference current components, dcside voltage oscillations, and any sudden changes in parameters of model.
D. Dynamic Analysis of the Proposed DLCM-Based Model
By referring to the reference value of currents in control loop of DG and considering the values of grid voltage in ac side and desired dc-voltage in dc-side of interfaced VSC, error variables in the proposed model can be achieved as,
In addition, the dynamic parts of the switching functions of interfaced converters can be defined as,
According to equations (3) and (19)- (21), the dynamic error variables-based model of the close loop control plan in the proposed model can be obtained as,
Based on DLCM theory, the proposed model can be considered as a stable model if the total saver energy in whole system reaches to the zero value. By assuming E(x) as the total saved energy, the below conditions should be governed as,
where E(x) is defined as,
By using (22) and substituting the error values, derivation of E(x) can be obtained as, 
By proper regulation of dc-voltage at the set-point value and achieving the amplitude of voltage at PCC, near the amplitude of grid voltage, (25) can meet the Lyapunov stability conditions, if the values of switching functions considered as,
Eq. (27) demonstrate, when there are variations in the reference current components of DG and dc-link voltage from their desired values, dynamic part of switching functions will be generated and subsequently, VSC follows the reference current and voltage components with a fast dynamic response, to compensate for the generated errors.
V. RESULTS AND DISCUSSIONS
The performance of the proposed control method in microgrid is evaluated in dynamic and steady state operating conditions through the Matlab/Simulink. The general schematic diagram of simulated model is illustrated in Fig.1 and the parameters are given in the Appendix. At first, the local load is supplied through the DG1 in islanding mode and the main load is supplied through the utility grid. In order to compensate the reactive power of loads and injection of the maximum active power from the DG units to the grid, STS2 and STS3 are connected at t=0.14 sec, which both the DG units are moved into the grid connected mode.
Figures 5 to 7 demonstrate the active and reactive power sharing between the grid, loads, and DG units. Figure 5 shows that before grid-connected mode, all the active power of main load is supplied through the main grid; but, after connection of DG2 to the utility grid, the injected active power from the grid to the load decreases to a constant value. In addition, DG2 injects the maximum active power in the main frequency which has been defined as the reference active power in the current control loop of DG units, and all the harmonic current components. Figure 6 shows the reactive power sharing between the main load, utility grid, and DG2. As can be seen, DG2 provides all the reactive power of main load; then, injected reactive power from the utility grid to the load decreases to the zero value. This operation of DG2 confirms a unit value for the power factor of utility grid. Figure 7 shows the active and reactive power sharing between the local load and DG1, before and after conversion of the proposed microgrid model from the islanding mode into the gridconnected mode. As be seen, all the active power of local load in both the main and harmonic frequencies are supplied through the DG1; but, after changing from islanding mode to the grid connected mod, the DG1 injects the maximum active power and supplies all the active power of local load, and rest of the active power is injected to the utility grid. In addition, when the DG1 is in islanding mode, all the generated reactive power via the filter capacitance of C fi is consumed by DG1 to fix a balance and sinusoidal voltage at the PCC. Furthermore, the appropriate dynamic operation of the controller forces the DG1 to generate all the reactive power of local load in both the islanding and grid-connected modes.
VI. CONCLUSION
A control technique based on Lyapunov theory was presented for the stable operation of DG units in microgrid systems. The compensation of instantaneous variations in the reference current components of DG units in ac-side and dc-voltage variations in dc-side of the interfaced converters were considered properly, as the main contribution of this work. Simulation results confirmed that, by utilization of DLCM, DG units can provide the continuous injection of active power from DES to the loads and utility grid.
Furthermore, the reactive power and harmonic current components of nonlinear loads are provided with a fast dynamic response. The proposed control method can be used for the integration of renewable energy resources to supply the local loads and as a power quality enhancement device in a distribution grid.
APPENDIX
Simulation parameters are as follows:
f si =10kHz , v s = 380volt , L g = 0.1mH , R g = 0.1Ω.
